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Cells contain many important protein complexes
involved in performing and regulating structural,
metabolic, and signaling functions. One major chal-
lenge in cell biology is to elucidate the organization
and mechanisms of robustness of these complexes
in vivo. We developed a systematic approach to
study structural dependencies within complexes in
living cells by deleting subunits and measuring pair-
wise interactions among other components. We
used our methodology to perturb two conserved eu-
karyotic complexes: the retromer and the nuclear
pore complex. Our results identify subunits that are
critical for the assembly of these complexes, reveal
their structural architecture, and uncover mecha-
nisms by which protein interactions are modulated.
Our results also show that paralogous proteins play
a key role in the robustness of protein complexes
and shape their assembly landscape. Our approach
paves the way for studying the response of protein
interactomes to mutations and enhances our under-
standing of genotype-phenotype maps.
INTRODUCTION
Mapping the relationships between genes (the genotype) and
cellular processes (the phenotype) requires a determination of
how proteins interact with one another (Diss et al., 2013; Vidal
et al., 2011). Central to interactomes are protein complexes
that perform a large number of regulatory, metabolic, structural,
and signaling functions (Alberts, 1998). One of the most pressing
challenges in cell and systems biology is to understand how
these complexes are structurally organized in vivo, how they
are regulated, and how they are affected by genetic perturba-
tions (Ideker and Krogan, 2012). This would provide insights
into genotype-phenotype maps by showing how mutations
affect molecular pathways and complexes, and how these in
turn affect cellular functions.
One powerful way to assess the architecture and robustness
of interactomes is tomeasure their response to genetic perturba-
tions (Ideker and Krogan, 2012). For instance, one can ask how
gene A affects the protein-protein interaction (PPI) between pro-
teins B and C by deleting A and measuring the B-C interaction
(Figure 1A). One could then use these perturbations to studyCthe architecture of protein complexes, most of which have no
known structure (Benschop et al., 2010), by identifying depen-
dencies among subunits (Lee et al., 2011). These
perturbations would also reveal the molecular mechanisms un-
derlying genotype-phenotype maps at intermediate levels. In
previous studies, investigators mostly studied the robustness
of protein complexes indirectly by measuring the fitness effects
of single and double gene deletion of subunits (Bandyopadhyay
et al., 2008; Baryshnikova et al., 2010a). Accordingly, robustness
has not been assessed at the molecular level, i.e., these studies
did not reveal how the complexes themselves respond to pertur-
bations in terms of their structural organization.
The yeast Saccharomyces cerevisiae is the best-suited model
for addressing these questions. In principle, one can apply any
of the methods designed for PPI detection by deleting genes
(80% of genes are not essential; Giaever et al., 2002) and
comparing PPIs in wild-type and deletion strains. However, this
is a challenging task because the potential number of gene-by-
PPI interactions is immensely large, even when only known PPIs
are considered (Diss et al., 2013). Furthermore, it would be
more informative to study PPIs among endogenously expressed
proteins and in living cells in order to preserve the stoichiometry of
interactomes. Indeed, the cellular context may be key to under-
standing the regulatory and structural roles of proteins in PPIs
and the corresponding responses to perturbations (Figure 1A).
Here, we adapted the yeast DHFR protein-fragment comple-
mentation assay (DHFR-PCA) (Tarassov et al., 2008) to meet
these criteria. We examined the effects of perturbations on two
contrasting protein complexes: one small, nonessential com-
plex, the retromer, and one large, essential complex, the nuclear
pore complex (NPC). The retromer is a pentameric complex that
recycles endosomal receptors back to the trans-Golgi network
(Seaman et al., 1998; Figure 1B) and plays key roles in neurode-
generative diseases in mammals (Wen et al., 2011). Although its
architecture has been investigated using a variety of methods
(reviewed in McGough and Cullen (2011)), the mode of assembly
of the retromer in living cells and the role of each subunit remain
to be completely described (Collins, 2008; Norwood et al., 2011).
The yeast NPC (Figure 1C) is a large protein complex that
comprises 27 core proteins (Alber et al., 2007) and 25 associated
proteins (Cherry et al., 2012). The NPC selectively transports
cargos across the nuclear envelope, and its architecture, mode
of assembly, and evolutionary history are particularly challenging
to assess, given its large size (Fernandez-Martinez and Rout,
2012).
Using our systematic approach, we showed how the
genetic perturbation of these protein complexes may serve toell Reports 3, 2155–2167, June 27, 2013 ª2013 The Authors 2155
Figure 1. Genetic Dissection of Protein Interactomes
(A) Changes in PPIs could arise through different, nonexclusive mechanisms. The deletion of gene A (dashed line) could lead to the disruption of the B-C
interaction if (i) protein A is an adaptor protein for protein B and C or (ii) protein A stabilizes protein B and/or C (left). The deletion of A could lead to new B-C
interactions if (iii) proteins C and A normally compete for B or (iv) a complex can adopt a new configuration upon the deletion of A (right). Empty shapes are absent
proteins.
(B) Current model of the architecture of the retromer and the associated transmembrane sorting receptor Vps10p (Seaman et al., 1998).
(C) Current model of the architecture of the NPC. Subcomplexes are organized into five different rings: membrane (red), inner (cyan), linker (yellow), outer (dark
blue), and FG-nucleoporins (green) (Alber et al., 2007).
(D) Systematic strain construction. SGAmarkers are introduced in the yeast deletion collection (4,293 strains). SGA deletion strains are crossed with PCA strains
to introduce gene deletions and the DHFR-fused genes into the same haploid background. The resulting haploid strains are crossed tomeasure PPIs in a deletion
background. PPIs can also be measured in strains that are heterozygous for one or two deletions (not shown). Control strains (wild-type, HO deletion) follow the
same procedure.
See also Figure S1 and Tables S1, S5, S6, and S7.reconstruct their architecture. In addition, we showed that paral-
ogous genes contribute to the structural robustness of the NPC
by limiting the impact of perturbations on PPIs and thus influ-
encing the genotype-phenotype map at the molecular level.
RESULTS
Systematic Perturbation of Protein Interactomes
The DHFR-PCA (henceforth called PCA) is an in vivo survival
assay that allows one to measure direct and near-direct (close-
proximity) PPIs on a large scale (Gagnon-Arsenault et al., 2013;
Tarassov et al., 2008; Figure S1A) and in a quantitative manner
(Freschi et al., 2013). We combined PCA with synthetic genetic
array (SGA) tools (Costanzo et al., 2010) to introduce gene dele-
tions (Giaever et al., 2002) into the PCA strains (Figures 1D and
S1B). The yeast deletion collection (4,293 strains) was firstmated
with a strain harboring the SGA markers that allow high-
throughput ploidy and mating type selection (Costanzo et al.,2156 Cell Reports 3, 2155–2167, June 27, 2013 ª2013 The Authors2010; Figures 1DandS1B) and thenwithPCAstrains. In principle,
this approach allows one to measure any PPI in both homozy-
gous and heterozygous deletion strains (at one or two loci), and
consequently to detect potential dosage effects on PPIs.
Systematic Perturbation of the Retromer
We first used our approach to perform a systematic screen
involving the five subunits and the associated receptor of the ret-
romer as PCA baits (Figure 1B). As preys, we used all of these
proteins plus 19 others that are putatively associated with the
complex (Stark et al., 2011; Table S1). We measured 147 PPIs
in 28 genetic backgrounds, corresponding to the wild-type
(hoD, the mock deletion) and the six retromer subunit deletion
backgrounds in all possible homozygous, heterozygous, and
double-heterozygous genotypes, for a final, high-quality set of
3,831 unique deletion-bait-prey combinations (Table S2).
We measured colony size on high-density arrays to estimate
PCA signal. We computed an interaction score (I score, average
Figure 2. Dissection of the Retromer Complex
(A) I scores in the wild-type and mutant genetic backgrounds. Each data point is the average of 12 independent measurements of strains constructed and tested
independently. In the top and right margins are the bimodal distributions of the I scores. P scores measure the difference between the mutant and wild-type I
scores. Significant hits (p < 0.006, FDR = 1%) are colored according to their absolute P score value.
(B) Confirmation of gene deletion effects on PPIs by spot dilution assays. Methotrexate (MTX) is the inhibitor of the endogenous yeast DHFR, and DMSO is the
MTX solvent.
(C) Result confirmation by coimmunoprecipitation (top) and the corresponding I score measured by PCA (bottom). Bars represent 95% confidence intervals. The
dotted line represents the 95% positive PPI threshold.
WT, wild-type.
See also Figure S2 and Table S2.of log2 converted and normalized size of replicated colonies; see
Extended Experimental Procedures) for each deletion-bait-prey
combination (Figure 2A; Table S2). I scores were highly corre-
lated between reciprocal genotypes (DaDb versus DbDa, r =
0.94, p < 2.2 3 1016) and reciprocal interactions (bait 3 prey
versus prey 3 bait; r = 0.78, p < 2.2 3 1016), showing that
the strain construction process and PCA are highly reproduc-
ible. The lower level of reproducibility for reciprocal PPIs results
from the nonequivalent configurations of the two PCA fragment
fusions (Tarassov et al., 2008). I score distribution was modeled
as a mixture of two Gaussian distributions that allows a clear
distinction between interacting and noninteracting protein pairs
(Figure 2A). We identified 39 nonredundant PPIs in the wild-type
background, 82% of which had been previously reported in the
literature at least once (Stark et al., 2011).
I scores in the deletion andwild-type backgrounds were highly
correlated (r = 0.87, p < 2.23 1016) but showed a wide range of
variation (Figure 2A). We estimated the amplitude of the effects
using a perturbation score (P score; Figure 2A; Table S2) calcu-
lated as the difference of I scores between the mutant and wild-Ctype backgrounds. A negative P score indicates a disrupted PPI
and a positive one indicates an enhanced PPI. We identified 975
significant P scores (p < 0.006, false discovery rate [FDR] = 1%;
Figure S2A), 211 of which were in homozygous deletion back-
grounds (Table S2). We confirmed 14 out of 15 randomly chosen
hits in small-scale assays by constructing strains directly by
gene deletion (Figures 2B and S2B), which shows that our meth-
odology allows changes of PPI intensity to be detected on a large
scale and by automated strain construction. We also conducted
tests to confirm that growth of the deletion strains on the selec-
tion medium did not affect our results (Figure S2C). Finally, we
confirmed two results by coimmunoprecipitation in the wild-
type and mutant backgrounds, showing that the results of our
methodology are comparable to those obtained by traditional
orthogonal approaches (Figure 2C).
P score distributions in homozygous and heterozygous
backgrounds were distinct (p = 2.84 3 109, Wilcoxon’s
test; Figure 3A). Enhancements were slightly more frequent in
heterozygous backgrounds because they comprise many ge-
notypes that eliminate allelic competition between fused andell Reports 3, 2155–2167, June 27, 2013 ª2013 The Authors 2157
Figure 3. Genetic Dissection of the Retromer Interactome
(A) Distribution of P scores in homozygous and heterozygous backgrounds (single- and double-heterozygous genotypes).
(B) Distribution of P scores in heterozygous backgrounds with zero, one, or two allelic competitors (AC).
(C) The removal of allelic competitors of the DHFR-fragment tagged proteins (represented with an asterisk) leads to an increase in the proportion of reconstituted
DHFR and thus to an increase in growth rate. Strain genotypes are shown on the left and the resulting possible PPIs are shown on the right.
(D) Retromer structural architecture in different genetic backgrounds. I scores (top right) and P scores (bottom left) are shown for the interactions within the
retromer. Each pixel represents a different deletion-bait-prey combination and is the average of 12 independentmeasurements. Black squares delimit PPIs within
the complex in different genotypes. White pixels represent untested or filtered combinations. Numbers in parentheses (above the I score scale) represent the
probability of being a PPI. Clustering of the perturbation patterns in homozygous deletion backgrounds reconstructs the subcomplex architecture of the retromer
complex (right).
(legend continued on next page)
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nonfused alleles, which increases the PCA signal (Figures 3B
and 3C; Freschi et al., 2013). We saw a significant PPI
enhancement in 431 cases out of the 977 deletion-bait-prey
combinations with reduced allelic competitions. These results
confirm the sensitivity of our approach and suggest that the
quantitative signal of the PCA is not saturated in most of the
wild-type configurations. The distribution of P scores in homo-
zygous backgrounds is asymmetric, with more frequent and
stronger PPI disruptions than enhancements (82% versus
18%, respectively; Figure 3A). This asymmetry is more marked
when we consider PPIs within the retromer (92% disruption
versus 8% enhancement). The proportion of enhanced PPIs in-
creases when we consider only PPIs with associated proteins
(71% disruption versus 29% enhancement; Table S2). In gen-
eral, these results show that deletion of retromer subunits dis-
rupts PPIs within the complex and enhances PPIs with proteins
in the network neighborhood.
Retromer Perturbation and Architecture
Current PPI data (Babuet al., 2012; Tarassov et al., 2008) suggest
a fully connected network of interactions among the retromer
subunits, emphasizing the need for new approaches that would
yield architectural information about this type of networkmodule.
We found that the I score and P score maps recapitulate several
features of the retromer structure (Figures 3D and S3). The retro-
mer is composed of two subcomplexes that coordinate cargo
loading (the core complex) and endosomal membrane deforma-
tion (the sorting nexin complex [SNX]; Figure 1B), and that are to a
certain extent independently stable in living cells (McGough and
Cullen, 2011; Seamanet al., 1998).Our results support thismodel
becausewefind that generally when a subunit of a subcomplex is
deleted, PPIs inside the other subcomplex are not affected,
whereas PPIs between subcomplexes are disrupted. For
instance, upon deletion of VPS5, Vps17p fails to interact with
the core complex, whereas the interaction between Vps35p
and Vps29p is not affected (Figures 2B, 3D, and S2B). Recipro-
cally, when VPS35 is deleted, interactions of Vps29p and
Vps26p with Vps5p and Vps17p are disrupted, whereas the
two latter subunits maintain their PPI (Figures 2C and 3D). Inter-
estingly, these results do not apply to VPS26, the deletion of
which weakly perturbs PPIs among the other four subunits (Fig-
ure 3D). Our results thus show that not all subunits are equally
important for the assembly of the retromer in living cells. They
also suggest a specific structural role for Vps26p and support
previous indirect observations indicating that vps26D belongs
to a specific class of retromer mutants (Raymond et al., 1992).
Lastly, we classified the deleted subunits in terms of the similarity
of their resulting retromer networks (Figure 3D). This analysis re-
constituted the two retromer subcomplexes, showing that dele-
tion of subunits of the same subcomplex have more similar ef-
fects on PPIs than do deletions of subunits of distinct
subcomplexes. PCA perturbation maps can therefore reveal
the architecture of protein complexes in living cells.(E) Western blot showing the expression of retromer subunits in different deletio
(F and G) I score of PPIs in wild-type and mutant backgrounds. Bars represen
threshold.
See also Figure S3.
CMechanisms of PPI Modulation
One of the many functional consequences of the physical asso-
ciation among proteins in vivo is protection from degradation
(Gorenstein and Warner, 1977; Shan et al., 2012), which could
act as a mechanism for autoregulating the stoichiometric bal-
ance of protein complexes (Veitia et al., 2008). The extent to
which this mechanism takes place in living cells is unknown.
Our results allow to narrow down on cases in which a perturba-
tion leads to protein degradation by revealing instances in which
gene deletion leads to the complete loss of interaction partners
for other interacting subunits. In such cases, two proteins that
are essential for each other’s stability would have very similar
perturbation profiles. Two pairs (Vps5p-Vps17p and Vps35p-
Vps29p) showed this effect, as the deletion of one member led
to complete loss of the other member’s PPIs (Figures 3D and
S3). We measured protein abundance of the five retromer sub-
units in the seven deletion backgrounds to test this possibility
and found two cases suggestive of degradation (Figure 3E).
The abundance of Vps17p and Vps35p decreased when VPS5
and VPS29, respectively, were deleted, and members of each
pair showed highly similar perturbation profiles (Figure 3D). Inter-
estingly, the effect was unidirectional, as the deletion of VPS17
and VPS35 did not affect the abundance of Vps5p and
Vps29p, respectively (Figure 3E). Similar regulation could take
place in the mammalian retromer, as it was previously reported
that Vps35 overexpression in HeLa cells could only be achieved
by coexpressing Vps29, whereas coexpression of Vps26 had no
effect (Gullapalli et al., 2004).
Another mechanism of PPI modulation could be the modifica-
tion of protein localization, which we can uncover with our
approach, as illustrated by two cases. The first case involves
Vps29p and Vps26p, which appear to be normally recruited at
the endosome by their interaction with Vps35p, as the deletion
of VPS35 prevents these two subunits from interacting with
Vps10p (Vps29p: P score = 5.56, p = 6.7 3 1013; Vps26p: P
score = 5.84, p = 3.73 1014), the sorting nexins (for instance,
the interaction between Vps5p and Vps26p; Figure 2C) and other
endosomal proteins in our network (Figure S3). The second case
involves Vps35p, which is relocalized to the vacuolar membrane
when the retromer is disrupted (Seaman et al., 1998). We find
that this localization may allow Vps35p to interact with local
transmembrane proteins such as Pmc1p, aswe see an enhance-
ment of this interaction in a vps5D background (Figure 3F).
Insights into Retromer Function and Assembly
The mode of assembly of the retromer is still debated. Although
Rojas et al. (2007) suggested that the core complex is recruited
to the endosomal membrane by the SNX complex, other groups
found that it is recruited independently (reviewed by Seaman
(2012). Our results support the latter model, since we observed
PPIs between members of the core complex (Vps35p and
Vps29p) and transmembrane proteins (Vps10p, Pmc1p, and
Fth1p) in a vps5D background (Figures 3F and S3) in which theren backgrounds.
t 95% confidence intervals. The dotted line represents the 95% positive PPI
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Figure 4. NPC Structural Organization
(A) PCA screen in wild-type cells. Subunits belonging to the same subcomplex
cluster together based on the similarity of their perturbation profiles. Each pixel
is the average of seven independent PCA measurements. Only baits or preys
showing at least one positive PPI are shown. The full data set can be found in
Table S3.
(B) Protein interactomes of the NPC constructed from BioGRID (Stark et al.,
2011). Only high-confidence PPIs are shown (reported by at least two different
experimental systems). The edge thickness reflects the number of times a PPI
has been reported, and edge colors represent the corresponding number of
experimental systems. Green nodes represent deletions tested in the pertur-
bation screen. Subcomplexes identified as dense modules in the network are
represented on the schematic of the NPC adapted from Alber et al. (2007) and
Brohawn et al. (2009). The network was made using Cytoscape (Smoot et al.,
2011).
See also Figure S4 and Table S3.
2160 Cell Reports 3, 2155–2167, June 27, 2013 ª2013 The Authorsis no SNX subcomplex (Figure 3E). Interestingly, the Vps26p-
Vps35p interaction was strongly reduced in this background
(Figure 3F), suggesting a disruption of the core complex. Previ-
ous observations suggest that this interaction is maintained
(Reddy and Seaman, 2001), and thus our results could instead
be interpreted as a conformational change that may further
separate the DHFR fragments fused to the C termini and lead
to a reduction of the PCA signal (Remy et al., 1999). The hypoth-
esis of a conformational change is also consistent with the
reduction of the Vps29p homomeric interaction in the vps5D
background (Figure 3F). However, the Vps35p dimer is only
very weakly reduced (Figure 3F), suggesting that when it is free
on the endosomal membrane, the core complex is already
at least partly oligomerized, confirming recent in vitro observa-
tions (Norwood et al., 2011).
Our results support the model of autonomous assembly of the
SNX complex (Seaman et al., 1998) and suggest that it interacts
with the cargo Vps10p even when the core complex is disrupted
(Figure 3G). Instead of being a direct interaction, this could
reflect a local enrichment of the SNX complex together with
the cargo by other factors before retromer assembly occurs,
as was previously proposed for enrichment of the cargo by cla-
thrins (McGough and Cullen, 2011). Furthermore, in the absence
of the core complex, the SNX complex appears to be in a
different conformation because we detect no homomeric inter-
action for Vps5p, whereas the Vps17p homomeric interaction in-
creases (Figure 3G). It was previously reported that the SNX
complex may be able to drive endosomal membrane tubulation
(Seaman, 2005) and that this activity should be avoided before
the whole complex assembles to prevent the formation of tu-
bules devoid of cargo; however, the underlying mechanism re-
mains to be identified (Cullen and Korswagen, 2012). Arguably,
PPIs in mutant backgrounds may not reflect pathway complex
intermediates. Nevertheless, the alternative conformation of
the free SNX complex may play a role in this process. Altogether,
these observations show that our methodology can be em-
ployed to provide insights into in vivo protein complex assembly
and thus into the biology of a key eukaryotic protein complex.
Systematic Perturbation of the NPC
Wenext dissected theNPC.We first performed a comprehensive
screenof thecomplex inwild-typePCAstrains.Clusteringofbaits
and preys based on their similarity of PPI profiles confirmed a
modularorganizationof theNPC (Figure4A; TableS3) as revealed
in the latestcomprehensivemodelsof theNPCarchitecture (Alber
et al., 2007; Hoelz et al., 2011). When PPIs are detected, I scores
correlate with the contact frequencies (Alber et al., 2007) of pro-
teins within the complex (rho = 0.52, p < 0.007; Figure S4) and
with the number of times an interaction was reported in BioGRID
(rho = 0.24, p = 2 3 106; Stark et al., 2011). These correlations
confirm the specificity of the PCA signals and the ability of PCA
todetect near-direct interactions, andshow that knownsubstruc-
tures, such as subcomplexes, which tend to be more readily
detectable (Figure 4B), are recapitulated by the PCA map.
In a second step, we performed a systematic perturbation of
the NPC. We studied the interaction among 30 baits and 49
preys in 19 homozygous deletion backgrounds (or heterozygous
in a few cases) plus the wild-type background (hoD), for a final,
high-quality set of 23,219 combinations (Tables S1 and S4). As
with the retromer, I scores in the wild-type and mutant
backgrounds were strongly correlated (r = 0.86, p < 2.2 3
1016; Figure 5A) in the NPC and were reproducible in small-
scale experiments (Figures 5B and S5A). We controlled for the
fitness effect of the deletion strains on the PCA media (Figures
S5B and S5C). Finally, we did not find any detectable changes
in the expression of six subunits between wild-type and mutant
backgrounds for proteins that showed tendencies for exclusively
negative or positive P scores (Figure 5C), suggesting that these
proteins have PPIs that are modified by other means than
changes in abundance.
In contrast with the retromer, we found that significant P
scores (412 hits, p < 0.0017, FDR = 1%, 366 in homozygous
backgrounds; Figures 5A and S5D; Table S4) were equally
distributed between enhanced and disrupted PPIs (213 P scores
> 0 and 199 P scores < 0, respectively; Figure 5A). This suggests
that the NPC modulates its overall architecture rather than glob-
ally disassembling, as expected from the deletion of a nonessen-
tial subunit in an essential complex.
The patterns of perturbation point toward keystone subunits
of the NPC. For instance, the homozygous deletions that most
perturb the complex and its surrounding network are in the sub-
units of the core complex (Figure 5D). The core of the NPC con-
sists of a symmetrical cylinder that crosses the nuclear envelope
and is composed of different rings of subunits (Figure 1C). We
found that the central rings’ subunits, such as those in the inner
ring (Nup170p and Nup188p) andmembrane ring (Pom34p), per-
turbed the complex the most when deleted, with a particular role
for Nup188p (Figure 5D). For instance, NUP188 deletion led to
rearrangements of PPIs involving the three other subunits of
the inner ring (Nup170p, Nup157p, and Nup192p). Such a result
is expected from subunits found at the center of the structure,
which are more likely to perturb the organization of the complex
or its assembly (Aitchison and Rout, 2012; Fernandez-Martinez
and Rout, 2009). These results show that central and associated
proteins of protein complexes can be distinguished from the pat-
terns of PPI perturbations alone.
Insights into NPC Structure and Assembly
The NPC serves an essential function, and subunits that would
lead to a nonfunctional complex when absent are therefore en-
coded by essential genes. The deletion of many subunits thatCare known to occupy central positions in the NPC, such as
Nic96p (Alber et al., 2007), are thus absent from this screen.How-
ever, the deletion of nonessential subunits provides valuable in-
sights into its structure and assembly. The most affected NPC
subnetwork corresponds to a substructure that is clearly identi-
fied in our PCA network and in large-scale databases (Figure 4).
This module corresponds to membrane-associated subunits,
namely, Pom34p, Ndc1p, Nup170p, Nup188p, Asm4p, and
Nup53p, which are known to initiate NPC assembly (reviewed
in Fernandez-Martinez and Rout (2009). Interestingly, these sub-
units seem tobe the least studiedat the interactome level, as sug-
gested by their small number of PPIs in large-scale databases
(Figure 4B), likely because they are membrane associated. We
thus provide a valuable resource for the study of NPC assembly.
In a nup170D background, the Nup53p homodimeric interaction
decreases (P score = 2.02, p = 9.0 3 105) and shows weaker
interaction with Asm4p (P score = 3.12, p = 2.13 104), which
in turn homodimerizes (P score = 3.31, p = 3.33 106; Figure 5D).
These two subunits are known to interact with Nup170p (Fig-
ure 4B). This may suggest that during the assembly process,
when free, Asm4p is in its homodimeric formandheterodimerizes
withNup53pupon recruitment to theNPC. The strong increase of
the homodimeric PPI when NUP53 is deleted further supports
this hypothesis (Figure 5B) and may be an example of an equilib-
rium shift in protein complex assembly (Figure 1A).
A Link between Genetic Interactions and PPI
Perturbation
One of the key results regarding the NPC assembly is how it re-
sponds to genetic perturbations. Although the retromer is not
essential in standard conditions, several subunits of the NPC
are. In addition, the retromer and NPC have contrasting patterns
of genetic interaction (GI) profiles (Figure 6A; Costanzo et al.,
2010). GIs reveal functional links between pairs of genes by iden-
tifying pairs for which the fitness defect of the double mutant is
unexpectedly weak (positive) or strong (negative) given the
fitness of the two single mutants. A negative GI reveals a buff-
ering mechanism, such that the fitness defect of a single mutant
is masked by another gene, whereas a positive GI reveals cases
in which the second deletion does not aggravate fitness, such as
when both genes are needed to accomplish a single function
(Costanzo et al., 2010). The functional links uncovered by GIs
are measured at the fitness level, and the molecular bases of
these associations remain to be elucidated. We hypothesized
that at least a part of these GIs could be explained by the effect
mutations have on protein interactomes.
The differences in essentiality and GI profiles of the two com-
plexes are reflected at the interactome level in how they respond
to genetic perturbations (Figure 6B). On one hand, the retromer,
which shows only positive GIs, is largely disrupted upon pertur-
bation and can no longer assemble (excess of negative P
scores). The NPC, on the other hand, shows almost only nega-
tive GIs and globally rearranges (equal positive and negative P
scores). This suggests an inverse relationship between GIs and
P scores. If GIs reflect structural relationships, we would predict
that deletion of gene Awould affect PPIs between proteins B and
C if A shows GIs with B and/or C. We examined the relationship
between PPI perturbation and GIs, focusing our analysis on theell Reports 3, 2155–2167, June 27, 2013 ª2013 The Authors 2161
Figure 5. NPC Perturbation
(A) NPC I scores in the wild-type and mutant genetic backgrounds. Each data point is the average of seven measurements of strains constructed independently
by SGA and PCA. In the top and right margins are the I score distributions. Significant hits (p < 0.0017, FDR = 1%) are colored according to their absolute P score
value.
(B) Confirmation of the effect of gene deletions on PPIs by spot dilution assays.
(C) Western blot showing the expression of NPC TAP-tagged subunits (Ghaemmaghami et al., 2003) to measure their abundance in different deletion back-
grounds for pairs showing tendencies for exclusively negative or positive P scores (from left to right: positive, negative, negative, negative, negative, and positive).
(D) Rank-order distribution of perturbation. NPC gene deletions are ranked as a function of the sumof the absolute P score of their homozygous hits normalized by
the total number of PPIs measured in each background. Individual I score plots for nup188D and nup170D are shown. WT, wild-type.
See also Figure S5 and Table S1.NPC.We founda significant associationbetweenGI scores (Cos-
tanzo et al., 2010) and the perturbation of PPIs (Figure 6C). The
correlation with positive P scores is stronger than that with nega-
tive ones (rho =0.465, p =6.043 109 and rho=0.212, p = 0.01,
respectively), which is in agreement with the hypothesis that a
negative GI between two genes reflects the ability of one gene
to buffer the loss of the other by increasing thePPIs of its product.2162 Cell Reports 3, 2155–2167, June 27, 2013 ª2013 The AuthorsThe distinct GI and P score distributions of the retromer and
NPC (Figures 6A and 6B) suggest that the perturbations
observed at the PPI level may be the molecular basis for the
distinct patterns of GIs between the two complexes: (1) positive
GIs in the retromer suggest that single subunit deletions tend to
disrupt the complex and that double subunit deletions cannot
affect the complex further; and (2) negative GIs derive from the
Figure 6. Robustness of the NPC to Genetic
Perturbations
(A) Distribution of GI scores.
(B) P score distributions for the retromer and NPC.
Only homozygous significant P scores are
considered.
(C) Association of GI scores and P scores. Each
data point represents the mean of GIs between
the deletion-bait and the deletion-prey pairs, for
each deletion-bait-prey combination of the corre-
sponding window of homozygous hits ordered by
their P score rank.
(D) P score distributions of homozygous strains
(significant P scores) for deletion having paralogs
and singletons in the same combination.
(E) Spearman correlation between the ratio of
negative GIs and the proportion of paralogous
subunits for five different data sets (see Experi-
mental Procedures).ability of the NPC to accommodate gene deletions due to re-
organization of the PPIs and to redundancy (or compensatory
mechanisms). One such compensatory mechanism could be
the presence of paralogous proteins, which tend to co-occur
within the same protein complexes (Musso et al., 2007; Per-
eira-Leal et al., 2007).
Gene Duplication Contributes to the Robustness of the
NPC
The NPC has evolved through the duplication and subsequent
divergence of several subunits (Aitchison and Rout, 2012; Alber
et al., 2007). We examined whether when a gene is deleted, the
perturbed or rearranged PPIs are more likely to involve paralogs
of the deleted genes. We found that P scores were significantly
higher in such cases (mean P score = 1.55 for hits with
paralogs and0.18 for hits with no paralogs, p = 3.23 105; Fig-
ure 6D), suggesting that when a subunit is deleted, the NPC
compensates for the loss by an increase in the PPIs of its paral-
ogous subunits. We examined whether the presence of paralogs
could explain the general observation that, similarly to the NPC,
many protein complexes are enriched for negative GIs (Barysh-
nikova et al., 2010a). We found a significant positive correlation
between the proportion of paralogous subunits and the propor-Cell Reports 3, 2155–216tion of negative GIs within a complex in
the five data sets we examined (Fig-
ure 6E). These analyses suggest that the
mechanism of robustness we uncovered
in the NPC may be a general mechanism
that contributes to the robustness of pro-
tein complexes to genetic perturbations
across the interactome.
DISCUSSION
Exploration of Protein Complex
Architecture
Protein interactomes are at the interface
between genotypes and phenotypes. Inorder to understand how genetic variation affects complex phe-
notypes, it is essential to study and model how this variation
affects PPIs and protein complexes. We developed a systematic
approach that couples the measurement of PPIs in living cells
with genetic perturbations. Our assay is generic and can be
used to study any type of mutation, ranging from point mutations
to condition-specific alleles of essential genes. We have shown
that our approach provides a powerful tool for investigating the
structural organization of protein complexes, including mem-
brane-associated complexes, which are often more challenging
to study.
Our results exemplify the need to study the assembly of
protein complexes in vivo and under the regular physiological
conditions encountered by these proteins (e.g., changes in
abundance and localization). Of particular interest is the regula-
tion of protein stability by interaction partners, which we
observed for two of the five retromer subunits. A recent study
showed that Vps26p and Vps29p interact with Vps35p indepen-
dently of each other in vitro (Norwood et al., 2011). We find that in
living cells, the abundance of Vps35p is strongly reduced in the
absence of Vps29p, which means that Vps26p can no longer
interact with Vps35p (Figure 3E). In vivo approaches are also
essential for addressing current models of protein complex7, June 27, 2013 ª2013 The Authors 2163
Figure 7. Genetic Robustness of Protein
Complexes at the Cellular and Molecular
Levels
(A) A cell is robust to the loss of some protein
complexes but fragile to the loss of others.
Dispensable protein complexes, such as the ret-
romer, are fragile to subunit loss, whereas essen-
tial complexes, such as the NPC, are partially
robust, mainly because of subunit redundancy (red
arrow length).
(B) Gene duplication and other robustness mech-
anisms affect the assembly landscape of protein
complexes by multiplying the number of canalized
states. The deletion of a subunit in a fragile protein
complex results in its nonassembly (left). Essential
protein complexes are robust to genetic pertur-
bations because the deletion of a subunit (red) can
be buffered by another one (orange), which in
many cases is a paralogous gene. This functional
compensation would lead to a relatively stable and
functional alternative configuration. In these
essential protein complexes, some subunits
(black) are essential for cell survival because their
deletion cannot be compensated for (right). The
depth of the landscape represents the stability of
the assembly.
(C) Model for the functional compensation be-
tween paralogs (red) at the PPI level. Thick edges
represent increased PPIs, and blue ones represent
new PPIs.homeostasis and recent challenging observations. For instance,
the fact that proteins can be targeted for degradation when they
are not interacting with their partners could explain why the over-
expression of protein complex subunits does not impair fitness
more often than the average protein (Semple et al., 2008).
Considering these in vivo effects in studies of dosage balance
in protein complexes will enhance our understanding of genetic
diseases and aid in the design of artificial molecular complexes
based on protein assembly in synthetic biology.
A Window on the Molecular Underpinning of GIs
GIsmeasure the robustness of the cell to the loss of protein func-
tion. Our approachmeasures directly the robustness of the com-
plexes themselves to the loss of subunits. Studying these two
levels of organization provides unique insights into intermediate
levels of the genotype-phenotype maps. The two protein com-
plexes we studied are at the opposite ends of the spectra of
these two types of robustness (Figure 7A). The cell is robust to
the loss of the retromer, as suggested by the fact that it has no
essential subunits (Giaever et al., 2002), whereas the complex it-
self is not robust to subunit loss, as the deletion of four out of the
five subunits prevents its assembly. The fragility of the retromer
at themolecular level could be a general property of nonessential
protein complexes, which are enriched for positive GIs (Barysh-
nikova et al., 2010a). On the contrary, the cell is not robust to
NPC loss, since a large number of its subunits are essential (Gia-
ever et al., 2002). However, NPC structure is robust to the loss of
many subunits, which appears to be buffered by themodification2164 Cell Reports 3, 2155–2167, June 27, 2013 ª2013 The Authorsof PPIs by other subunits, particularly by paralogous proteins.
Our results suggest that this buffering takes place, at least partly,
at the PPI level. Interestingly, negative GIs are overrepresented
in essential protein complexes (Baryshnikova et al., 2010a).
This observation suggests that complexes may in fact be consti-
tuted of redundant subunits that make them robust to genetic
perturbations. Overall, we have shown that the presence of pa-
ralogous subunits in a complex significantly affects its assembly
landscape, creating multiple valleys that are accessible for a
complex’s assembly (Figure 7B).
Functional compensation for the loss of a gene by its paralog
has been proposed based on the observation that paralogous
pairs of genes are enriched in negative GIs (Dean et al., 2008;
DeLuna et al., 2008; Musso et al., 2008) and is supported by
observations at the levels of transcript and protein abundances
(DeLuna et al., 2010; Kafri et al., 2005), whereby the abundance
of one paralogous protein is increased in response to the dele-
tion of the other. Our results suggest that this compensation
could also take place at the level of PPIs, at least within protein
complexes, and reveal the molecular basis of this phenomenon
(Figure 7C). These results could suggest that redundancy and
thus the modification of the assembly landscape are an adapta-
tion to resist to perturbations caused by mutations. However,
robustness to mutations is unlikely to evolve from selection for
mutational robustness due to low mutation rates and/or limited
population sizes (Wagner, 2007; Zhang, 2012). Nevertheless,
other forces could favor the evolution of the robustness of large
complexes and, as a side effect, favor their mutational
robustness. For instance, large structures such as the NPC have
intricate processes of assembly (Fernandez-Martinez and Rout,
2009) and because of their large size, assembly errors are likely
to occur. During this process, the failure of a subunit to be incor-
porated into the structure could lead to a nonfunctional complex.
This would have particularly deleterious fitness effects for essen-
tial complexes if they were fragile. For instance, noise in gene
expression (Fraser et al., 2004) could contribute to assembly er-
rors. These frequent errors could favor the evolution of robust
structures. The presence of paralogous subunits in protein com-
plexes could reflect the use of compensating subunits to secure
the assembly process. This hypothesis is supported by the
recent observation that highly connected genes in the yeast GI
network that show a high variability in expression are enriched
in paralogs (Park and Lehner, 2013). In addition, noise in the
expression of one paralog was shown to modulate the pheno-
type of the deletion of the other paralog in Caenorhabditis
elegans (Burga et al., 2011). Our results indirectly suggest that
these effects may take place at the level of PPIs. Whether our re-
sults and models apply to all protein complexes remains to be
determined in further investigations. A genome-wide application
of our approach, as well as the development of techniques to
monitor the assembly of protein complexes in real time, would
allow us to confirm these hypotheses and unravel the evolu-
tionary forces that have shaped protein interactomes and protein
complex architecture.
EXPERIMENTAL PROCEDURES
Strains, Media, and Oligonucleotides
The strains, media, and oligonucleotides used in this study are provided in Ta-
bles S5, S6, and S7, respectively.
Background Switching of PCA Strains
All strains are derivatives of BY4741 and BY4742 (S288C). Systematic strain
construction is detailed in Extended Experimental Procedures and Figure S1B,
and was performed as described in Costanzo et al. (2010).
Fitness Measurement of Deletion Backgrounds on MTX Medium
Fitness effects of gene deletion on the MTX medium were measured using an
artificial positive PCA reporter in the deletion strains. The detailed assay is
described in Extended Experimental Procedures and the results can be found
in Figures S2C and S5B.
PCA
PCA was performed as described in Extended Experimental Procedures and
Figure S1.
Plate Images Analysis
Colony sizewasmeasured as integrated pixel density with a custommacro im-
plemented in the software ImageJ 1.45m (http://rsbweb.nih.gov/ij/). A full
description of this process can be found in Extended Experimental
Procedures.
Data Filtering and Normalization
A full description of the data filtering and normalization process can be found
in Extended Experimental Procedures.
Computation of I Scores and P Scores
Independent replicates were log2 converted and averaged, producing an I
score for each combination. P scores were then computed as the differenceCbetween the I score in the mutant background and the corresponding I score
in the wild-type background.
Statistical Analyses
Pearson’s (r) or Spearman’s (rho) correlation tests were used to test correla-
tions. For the retromer, mixture modeling was performed using the normal-
mixEM function of themixtools package (Benaglia et al., 2009) as implemented
in R (R Core Team, 2012). The probability of being a negative or positive PPI
was calculated according to the probability that a protein pair would belong
to one or the other mode, with probability > 0.95 considered as positive. Sig-
nificant P scores were identified with the use of t tests between I scores in the
mutant and wild-type backgrounds. FDRs were estimated by data randomiza-
tion (Figures S2A and S5A) as detailed in Extended Experimental Procedures.
Hierarchical Clustering
Spearman’s correlations were calculated between I scores of each pair of ho-
mozygous gene deletion for the retromer or each pair of baits and preys for the
NPC regular wild-type screen. Hierarchical clustering was computed using a
distance matrix estimated from the correlation coefficients and the complete
linkage method (R Core Team, 2012).
BioGRID Network
The number of times a physical interaction has been reported in BioGRID and
the number of different assays involved were computed from BioGRID 3.1.93
(Stark et al., 2011). The network in Figure 4B was constructed from these data
using Cytoscape (Smoot et al., 2011).
GI Data Set
The GI scores used in this study were retrieved from Costanzo et al. (2010).
Either raw data or hits determined at an intermediate cutoff, as described by
the authors, were used.
Correlation between GI Scores and P Scores
Homozygous hits were sorted by their decreasing P score (i.e., from the most
enhanced PPI to the most disrupted one). For a sliding window of 40 hits, raw
GI scores between the deleted gene and each of two genes coding for the in-
teracting proteins were averaged and plotted as a function of the P scoremean
of the corresponding window (Figure 6C). We computed Spearman’s correla-
tion between the GI score and P score independently for hits with a positive
and a negative P score by comparing the P score of each hit with the two
raw GI scores between the deleted gene and the two genes coding for either
one or the other interacting proteins.
Comparison of P Scores between Combinations Containing
Paralogous Pairs
Homozygous hits were divided into two categories according to whether one
of the two interacting proteins was or was not paralogous to the subunit
deleted. The difference in the average P score was tested by means of a
t test. Paralogous gene data sets were obtained from Byrne and Wolfe
(2005) and Guan et al. (2007).
Correlation between the Number of Paralog Pairs and the Number of
GIs in Complexes
The proportion of subunits having a paralog within the same complex was
calculated for each complex along with the proportion of negative GIs relative
to the total number of GIs tested in the same complex. We considered five
different data sets: MIPS (Mewes et al., 2006), CYC2008 (Pu et al., 2009),
2GOslim (Cherry et al., 2012), Benschop (Benschop et al., 2010), and Barysh-
nikova (Baryshnikova et al., 2010a).
Protein Extractions, Western Blot Analysis, and
Coimmunoprecipitation
Protein extractions, western blot, and coimmunoprecipitation were performed
as described in Extended Experimental Procedures.ell Reports 3, 2155–2167, June 27, 2013 ª2013 The Authors 2165
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